Intracytoplasmic sperm injection (ICSI) and embryo transfer (ET) in nonhuman primates, e.g. rhesus and cynomolgus monkeys, has been widely used in researches of reproductive and developmental biology, and the success rate has been improved significantly. However, unwanted multiple pregnancy occurs frequently during the ICSI-ET in monkeys, most of which leads to miscarriages. To improve the birth rate of pregnancies and to safeguard health of host and baby monkeys, multifetal pregnancy reduction (MPR) is necessary. In this study, a total of 10 monkeys with multiple pregnancies received MPR through transabdominal ultrasound-guided potassium chloride injection into beating hearts of selective fetuses. To assess MPR efficiency, 31 monkeys with normal singleton pregnancies and 25 monkeys with twin pregnancies without MPR were used as controls. The aim of the reduction is to keep only one fetus, no matter twin or triplet pregnancy originally. Our results show that six cases of MPR were successful and all of them retained single fetus. Moreover, about 1 month (30.2 ± 1.2 days) of gestation is a better timing for MPR than later stage (50.7 ± 1.9 days). We also found that the remaining fetuses developed normally with full-term gestation and normal birth weight. In conclusion, transabdominal ultrasound-guided potassium chloride injection is a safe and effective MPR method for monkeys with multiple pregnancies.
Introduction
Nonhuman primates (NHPs) and human share up to 98.5% similarity of genome, and display many similar biological characteristics, especially in nervous and reproductive systems [1] . The most common NHPs, such as cynomolgus and rhesus monkeys, have regular menstrual cycle and menstruation, and were widely used 758 in human reproductive research [2] . Intracytoplasmic sperm injection (ICSI) and embryo transfer (ET) is one of the regular steps in gene editing procedures for establishment of the NHP models. In order to improve the success rate, multiple embryos are usually transplanted into a recipient surrogate monkey, which inevitably lead to multiple pregnancies [1, 3, 4] . However, most NHPs are monotocous animals, i.e. one pregnant monkey usually produces only one baby. Besides, we also found postpartum monkeys foster only one baby if twin were born, the other baby will be abandoned, or even been eaten by the mother monkeys in our earlier studies (unpublished data). Even in the human being, the rates of miscarriage, premature, prenatal death, and birth defects and other unfavorable pregnancy outcomes and the occurrence of pregnancy complication were significantly higher in multiple pregnancies than in single pregnancy [5] . In some cases of assisted reproductive technologies (ARTs), multifetal pregnancy reduction (MPR) in multiple pregnancies was performed through transvaginal ultrasound-guided fetal reduction during the first trimester by puncturing the fetal heart area and injecting potassium chloride (KCl) solution or to suck fetus with negative pressure pump under ultrasound guidance [6] . In the first 3 months of pregnancy, a transvaginal ultrasound-guided fetal reduction is a simple, safe, and effective operation in human, which reduced miscarriage and mortality rate of fetuses and maternal complications during the perinatal period [7] . The approach of transabdominal ultrasound-guided injecting KCl solution for later trimester of pregnancy has been regarded as a safe and effective method for MPR [8] . MPR procedures in human should be referable approach to multiple pregnant monkeys, but the size of cynomolgus and rhesus monkeys are small, while the existing vaginal probe is not suitable for monkeys to carry out vaginal puncture. Therefore, monkey-matched MPR techniques are needed. Our study focused on establishing a feasible MPR procedure in multifetal pregnancy in monkeys.
Materials and methods
Animals, embryo transfer, and pregnancy diagnosis All animals were kept in a temperature-controlled room with free access to water and diet. The animal facility in this study is accredited by AAALAC International, and all animal procedures were approved in advance by the Institutional Animal Care and Use Committee (permit number: KBI K001115032-01, 01) of Yunnan Key Laboratory of Primate Biomedical Research.
The procedure for embryo transfer is according to the previous report [9] . Briefly, three ICSI embryos at two-cell to blastocyst stage were transferred into the oviducts of surrogate recipient female monkeys. The earliest pregnancy diagnosis was performed by ultrasonography on about the 20th day postfertilization. The pregnancy and number of fetuses were confirmed by fetal cardiac activity and presence of a yolk sac as detected by ultrasonography [9] . The average age of 10 pregnant monkeys was 9.1 years old. MPR was performed on about 28-52 days of the gestation. Six cases (A, B, C, F, G, I) of dual chorionic double amniotic sac twins happened in rhesus monkeys, and four cases (D, E, H, J) of three chorionic three amniotic sac triplets include two rhesus (D, J) and cynomolgus (E, H) monkeys. The general information on the reduction of pregnant monkeys was shown in Supplementary Table S1 . To assess MPR efficiency, 31 monkeys with normal singleton pregnancies and 25 monkeys with twin pregnancies without MPR were used as controls.
Multifetal pregnancy reduction, prenatal care, and delivering
After the earliest diagnosis of pregnancy, pregnant monkeys with multiple pregnancies were planned to perform reductions on about 30 days or 50 days of the embryonic age. About 0.5-1 ml of 10% KCl solution (freshly prepared under sterile conditions before operation) was injected into the selected fetal heart through the puncture needle. The operation was guided by transabdominal ultrasoundguided (Diagnostic Ultrasound Scanner, LOGIQ P5). Host mother monkeys were intramuscularly injected with atropine sulfate (0.01-0.02 mg/kg) 15 min before operation, followed by clomipramine hydrochloride (4-5 mg/kg) and isoflurane (0.5-1%, MIDMARK, Matrx Model 3000) injection for basic and inhalation anesthesia. Pregnant monkeys were basally anesthetized after supine position binding, and they are covered with a breathing mask, for its rapid access to isoflurane and oxygen. Blood oxygen, blood pressure, body temperature, electrocardiograph, pulse rate, respiratory, and other physiological parameters of pregnant monkeys were monitored by multiparameter monitor (Heal Force, Model Classic-70) throughout the operation. The concentration of drugs and oxygen were adjusted accordingly and timely. Ultrasonography monitoring was performed to determine which fetuses will be reduced. If the sizes of the monkey fetuses are similar, the one that is close to the abdominal wall will be selected for easy puncturing; if the monkey fetuses have different sizes, the relatively smaller one will be selected. After the object to be subtracted was determined, pregnant monkeys were routinely disinfected and covered with a surgical cloth. A sterile linear probe (model: 10 L) assembled with puncture stent was used to guide a 7-G puncture needle for KCl solution injection. Penicillin (50 000 units/kg) was intramuscularly injected to prevent infection after operation. Five days after MPR operation, pregnant monkeys were checked by ultrasonography to make sure the reduction. If the first MPR operation was not successful, a second or third MPR was carried out on the same fetus.
Statistical analysis
Formulas for the miscarriage rate = (No. of miscarriage/No. of pregnancy) × 100%, and for the birth rate = ((No. of pregnancymiscarriage)/No. of pregnancy) × 100%. Data were expressed as the mean ± SEM (standard error of the mean) and were analyzed with standard SPSS version 17.0 statistical analysis software (SPSS Inc., Chicago, IL). Statistical analysis was performed using one-way ANOVA followed. P > 0.05 indicates no significant difference.
Results

Establishment of multifetal pregnancy reduction procedure
The aim to establish the MPR procedure is to get singleton pregnancy regardless of the original twin or triplets. In general, for 10 cases of pregnant monkeys, up to 13 times of MPR operations were conducted, i.e. two twins (B and G) were performed a second MPR and B was performed a third MPR due to the failure in stopping the heart beating of selected fetuses. No more MPR was performed for those animals still failed after the third reduction. The procedure and example of transabdominal MPR in monkeys are shown in Figure 1 . Data were expressed as mean ± SEM. ANOVA analysis among groups in same species indicates no significant difference (P > 0.05).
Pregnancy and birth outcome of multifetal pregnancy reduction
As for 10 cases of MPR including six twins (A, B, C, F, G, I) and four triplets (D, E, H, J), four twins (A, B, C, F), and three triplets (D, E, J) carried out MPR on 28-32 (30 ± 1.2) days generated 75% (twin, 3/4) and 100% (triplets, 3/3) successful reduction. Two twins (G, I) and one triplet (H) carried out MPR on 48-52 (50.7 ± 1.9) days generated unsuccessful reduction (Table 1) . Detailed information of each individual was listed in Supplementary Table S1 . One case of cynomolgus (E) and five cases of rhesus (A, C, D, F, J) MPRs performed on 30.2 ± 1.2 days were successful. Five live infant monkeys were delivered including one cynomolgus (E) and four rhesus monkeys (A, C, D, J). The gestational durations of the live cynomolgus and four rhesus monkeys were 150 and 153 ± 7.0 days, and their birth weights were 420 and 367.5 ± 53.8 g, respectively. In four cases (B, G, H, I ) of unsuccessful MPR, triplets of H were found stopped to develop through ultrasonic examination on 91 days of gestation; twins of G aborted on 112 days of pregnancy; the other two cases (B, I) of twins were born and got three live babies and one stillbirth (Supplementary Table S1 ). The miscarriage rates of singleton are about 20% (21.4% in cynomolgus and 17.6% in rhesus). The MPR decreased the miscarriage rates and increased birth rates accordingly in both cynomolgus and rhesus monkeys, compared with untreated multiple pregnancies ( Table  2) . After MPR, the birth rate increased obviously in rhesus (80% vs 45.5%) and cynomolgus (100% vs 35.7%), which is comparable with normal singletons in rhesus and cynomolgus (82.4% and 78.6%, respectively). Notably, MPR did not affect gestation durations, as well as birth weight of baby monkeys ( Table 2 ), indicating that MPR is effective and safe.
Discussion
Multiple pregnancies occur commonly in NHPs and clinic ARTs in human [3, 6] . MPR operations, including transvaginal and transabdominal reductions, are routine treatments in multiple pregnant women, but due to transvaginal probes are not applicable in monkeys, a feasible MPR procedure is necessary. Our results show that the transabdominal ultrasound-guided KCl solution injection into selective fetal heart resulted in 60% success rate for the first MPR, the demonstrated transabdominal ultrasound-guided MPR is feasible in both rhesus and cynomolgus monkeys, and the earlier operation (on about 30 days of gestation) is a better reduction timing. There was no significant difference between the mean gestation period and the mean birth weight of the MPR group and the control group; transabdominal ultrasound-guided potassium chloride injection is a safe and effective MPR method for monkeys with multiple pregnancies.
Overall, we have set up a practicable protocol for MPR in multiple pregnant monkeys. There are some key points that were concluded from these operations and should be concerned in future: Downloaded from https://academic.oup.com/biolreprod/article-abstract/97/5/758/4562588 by OUP site access user on 08 October 2018
(1) the monkey fetus is relatively small and easy to move, it is hard to puncture heart of fetus accurately, so the operation should be more cautious to ensure the depth of the puncture, and the needle should be accurate and sharp edged. (2) Injection of KCl solution must be quick as it may lead to cardiac arrest when the puncture needle is located in the fetal heart. (3) The dosage of KCl should be appropriate to avoid harmful effect on pregnant monkeys or fail to lead fetal heart arrest [10] . Our result showed that 0.5-1 ml of 10% KCl solution was suitable for most of MPR. (4) It is important to switch Doppler and B mode of ultrasonography during the preoperative/postoperative examination and puncturing, respectively. Doppler ultrasound has better contrast between the organizational structure and the liquid gray scale; it can clearly show the three-dimensional graphs, surface characteristics, and spatial direction relationship of the monkey fetus; and it can provide the stereo image of the monkey fetus in the uterus to better determine the reduction in monkey fetus. While during puncturing, mode B ultrasonography, i.e. black and white ultrasound, is fit to monitor the puncture needle and reduction process since there is no lagged reaction.
In conclusion, through transabdominal ultrasound-guided MPR by injection of 10% KCl solution in 10 cases of multifetal pregnant monkeys, we have established a safe and effective MPR procedure in monkeys, which might be useful for further reproduction-related experiments in monkeys.
Supplementary data
Supplementary data are available at BIOLRE online. Table S1 . Pregnancy and birth outcome in 10 cases of pregnant monkeys.
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